ABSTRACT: This review discusses the biological properties of the glycoprotein lactoferrin. Lactoferrin has been identified in secretions from exocrine glands and in specific granules of neutrophils. After degranulation, neutrophils become the main source of lactoferrin in blood plasma. Lactoferrin possesses various biological functions, including roles in iron metabolism, cell proliferation and differentiation, and antibacterial, antiviral, and antiparasitic activity. Many of these functions do not appear to be connected with its iron binding ability. Of late, lactoferrin concentrations have been measured mostly in humans but also in some other species. However, the relationship between its concentration and physiological or pathological effects on body functions is not yet well characterised.
Introduction
Lactoferrin (formerly known as lactotransferrin) is a glycoprotein, and a member of a transferrin family, thus belonging to those proteins capable of binding and transferring Fe 3+ ions (Metz-Boutique et al., 1984) . Lactoferrin was first isolated by Sorensen and Sorensen from bovine milk in 1939. In 1960 it was concurrently determined to be the main iron binding protein in human milk by three independent laboratories (Groves, 1960; Johanson, 1960; Montreuil et al., 1960) .
Subsequent research identified lactoferrin in secretions from exocrine glands and in specific granules of neutrophils. Neutrophils after degranulation were observed to be the main source of lactoferrin in blood plasma (Iyer and Lonnerdal, 1993) .
Due to the increase in its concentration during most inflammatory reactions and some viral infections, several authors classify lactoferrin as an acute-phase protein (Kanyshkova et al., 2001) . Its concentration increases in all biological fluids, but the highest levels have been detected in the nidus of inflammation (Birgens, 1985) .
Thus, lactoferrin has a wide variety of biological functions, many of which do not appear to be connected with its iron binding ability (Brock, 2002) .
Structure and properties of lactoferrin
Lactoferrin is a glycoprotein with a molecular weight of about 80 kDa, which shows high affinity for iron. The molecular structure and amino acid sequence of human lactoferrin were discovered in 1984. Lactoferrin was then classified as a member of the transferrin family, due to its 60% sequence identity with serum transferrin (Metz-Boutique et al., 1984) .
Three different isoforms of lactoferrin have been isolated. Lactoferrin-α is the iron binding form, but has no ribonuclease activity. On the other hand lactoferrin-β and lactoferrin-γ demonstrate ribonuclease activity but they are not able to bind iron (Furmanski et al., 1989) .
Lactoferrin is comprised of a single polypeptide chain containing 703 amino acids folded into two globular lobes. These lobes, also called C -(carboxy) and N -(amino) terminal regions, are connected with a α-helix. Each lobe consists of two domains known as C 1, C 2, N 1, and N 2 . The domains create one iron binding site on each lobe. Lactoferrin molecules contain (according to the species and protein) varying numbers of sites for potential glycosylation, mostly on the surface of the molecule. The most common sacharide is mannose; around 3% are hexoses, and 1% hexosamines. The degree of glycosylation varies and determines the rate of resistance to proteases or to very low pH.
Lactoferrin's capability of binding iron is two times higher than that of transferrin, which can serve in some cases as donor of Fe 3+ ions for lactoferrin. Two ferric ions can be bound by one lactoferrin molecule. One carbonate ion is always bound by lactoferrin concurrently with each ferric ion (Aisen and Liebman, 1972; Metz-Boutique et al., 1984; Baker, 1994) . Although this bond is very strong and can resist pH values of as low as 4, its saturation does not exceed 10% in total (Mazurier and Spik, 1980) . There are three forms of lactoferrin according to its iron saturation: apolactoferrin (iron free), monoferric form (one ferric ion), and hololactoferrin (binds two Fe 3+ ions). The tertiary structure in hololactoferrin and apolactoferrin is different (Jameson et al., 1998) .
Four amino acid residues are most important for iron binding (histidine, twice tyrosine, and aspartic acid), while an arginine chain is responsible for binding the carbonate ion (Baker, 1994; Ward et al., 1996) .
Besides iron lactoferrin is capable of binding a large amount of other compounds and substances such as lipopolysacharides, heparin, glycosaminoglycans, DNA, or other metal ions like Al 3+ , Ga 3+ , Mn 3+ , Co 3+ , Cu 2+ , Zn 2+ etc. However, its affinity for these other ions is much lower. Apart from CO 3 2-, lactoferrin can bind a variety of other anions like oxalates, carboxylates, and others. In this way it is possible for lactoferrin to affect the metabolism and distribution of various substances (Baker, 1994) .
The ability to keep iron bound even at low pH is important, especially at sites of infection and inflammation where, due to the metabolic activity of bacteria, the pH may fall under 4.5. In such a situation lactoferrin also binds iron released from transferrin, which prevents its further usage for bacterial proliferation (Valenti and Antonini, 2005) .
Lactoferrin has demonstrated remarkable resistance to proteolytic degradation by trypsin and trypsin-like enzymes. The level of resistance is proportional to the degree of iron saturation (Brock et al., 1976; Brines and Brock, 1983; Iyer and Lonnerdal, 1993) .
Sources of lactoferrin in the organism
Lactoferrin expression can first be detected in two-and four-cell embryos during embryonic development, then throughout the blastocyst stage up to implantation. Lactoferrin cannot be detected from the time of implantation until halfway through gestation. Later, it is found in neutrophils and epithelial cells of forming reproductive and digestive systems (Ward et al., 1999) .
The predominant cell types involved in lactoferrin synthesis are of the myeloid series and secretory epithelia (Baynes and Bezwoda, 1994) . In adults, higher levels of lactoferrin are present in milk and colostrum (Masson and Heremans, 1971; Brock, 1980) . It is also found in most mucosal secretions such as uterine fluid, vaginal secretion, seminal fluid, saliva, bile, pancreatic juice, small intestine secretions, nasal secretion, and tears (Masson et al., 1966; Baker, 1994; Levay and Viljoen, 1995; Lonnerdal and Iyer, 1995; Kikuchi et al., 2003; Baker and Baker, 2005) .
The production of lactoferrin by human kidneys was described by Abrink et al. (2000) . Lactoferrin is expressed and secreted throughout the collecting tubules, and in the distal part of the tubules it may be reabsorbed. These results show that the kidney produces lactoferrin in a highly ordered manner and that only a minor fraction of this protein is secreted into the urine. Therefore, lactoferrin is thought to have important functions in both the immune defense of the urinary tract and in general iron metabolism.
Neutrophils are an important source of lactoferrin in adults. Indeed, most plasma lactoferrin originates from neutrophils (Iyer and Lonnerdal, 1993) . Lactoferrin is predominantly stored in specific (secondary) granules (Baggiolini et al., 1970) . However, it can also be found in tertiary granules albeit in significantly lower concentrations (Saito et al., 1993) .
Lactoferrin is present in blood, plasma or serum in relatively low concentrations (Rumke et al., 1971; Boxer et al., 1982; Brown et al., 1983; Broxmeyer et al., 1983; Otnaess et al., 1983; Chung et al., 1985; Scott, 1989) . The quite remarkable differences between the results (varying from 0.02 μg/ml to 1.52 μg/ml in blood) published by these authors are probably caused by the use of different analytical methods, the type of anticoagulant, variations in iron saturation of lactoferrin, spontaneous polymerization, and by the interval between sample collection and analysis or by storage (Levay and Viljoen, 1995) .
Plasma lactoferrin concentrations may or may not correlate with the neutrophil count (Hansen et al., 1975; Olofsson et al., 1977; Baynes et al., 1986) . This depends on the extent of degranulation and perhaps on the contribution of other organs, such as bone marrow, endometrium (Masson et al., 1968) and placenta (Niemela et al., 1989) . Lactoferrin plasma levels change during pregnancy, and vary also with the menstrual cycle (Sykes et al., 1982; Levay and Viljoen, 1995) . The concentration of lactoferrin in the blood increases during infection, inflammation (Birgens, 1985) , excessive intake of iron, or tumor growth (Levay and Viljoen, 1995) .
Regulation of lactoferrin synthesis
The regulation of lactoferrin synthesis depends on the type of cells producing this protein. The amount of lactoferrin synthesized in the mammary gland is controlled by prolactin (Green and Pastewka, 1978) , whereas its production in reproductive tissues is determined by estrogens (Pentecost and Teng, 1987; Walmer et al., 1992; Teng et al., 2002) . The synthesis of lactoferrin in endometrium is influenced by not only estrogens but also epidermal growth factor (Nelson et al., 1991) . Exocrine glands produce and secrete lactoferrin in a continuous manner. In neutrophils, lactoferrin is synthesized during their differentiation (when promyelocytes develop into myelocytes) and is afterwards stored in specific granules. Mature neutrophils cease to produce lactoferrin (Masson et al., 1969) .
Lactoferrin levels might vary with gender and age although the results from different studies are inconsistent (Bennett and Mohla, 1976; Bezwoda et al., 1985; Antonsen et al., 1993) .
Lactoferrin plasma levels change from the very beginning of pregnancy. There is a progressive rise in its concentration up to the 29 th week, after which it settles at a constant level that is higher than the average (Sykes et al., 1982) . There are several factors which may cause this increase: leukocytosis associated with pregnancy, the selective increase of lactoferrin in neutrophil granules (Oberg et al., 1983) , or other organs like endometrium, decidua, and mammary glands may all contribute (Levay and Viljoen, 1995) .
Serum lactoferrin concentrations have been detected as being higher in the proliferative phase of a menstrual cycle than in the secretory phase (Kelver et al., 1996) .
Lactoferrin receptors
The biological properties of lactoferrin are mediated by specific receptors on the surface of target cells. These receptors are typical for each cell type and can be found, for example, on mucosal epithelial cells, hepatocytes, monocytes, macrophages, polymorphonuclear leukocytes, lymphocytes, trombocytes, fibroblasts, and on some bacteria such as Staphylococcus aureus or Pseudomonas hydrophila (Levay and Viljoen, 1995; Suzuki and Lonnerdal, 2002; Suzuki et al., 2005) . Some cells have also "main receptors", which enable them to bind not only lactoferrin, but also transferrin or lactoferrins of other species. Besides "classic" receptors, there are also nuclear receptors that bind leukocyte cmDNA (Kanyshkova et al., 2001) 
Lactoferrin metabolism
There are two ways in which lactoferrin can be eliminated from the organism: either through receptor-mediated endocytosis of phagocytic cells (macrophages, monocytes, and other cells belonging to the reticuloendothelial system) with subsequent iron transfer to ferritin or through direct uptake by the liver. Endocytosis performed by Kupffer cells, liver endothelial cells, and hepatocytes contributes to lactoferrin removal (Levay and Viljoen, 1995) . Kidneys seem to be involved in the removal of lactoferrin from the circulation since lactoferrin and its fragments, mainly of maternal origin, have been found in the urine of breast-fed infants (Hutchens et al., 1991) .
Biological functions of lactoferrin

Lactoferrin and iron metabolism
Although the influence of lactoferrin on iron distribution in an organism is implied by its resemblance to transferrin, it has thus far not been unequivocally proven that lactoferrin plays an important role in iron transport. This may be due to the fact that lactoferrin plasma concentrations are very low under normal conditions. On the other hand, the lactoferrin level increases when inflammation occurs. In such an environment iron exchange from transferrin is easier due to the lower pH suggesting that lactoferrin may contribute to local iron accumulation at sites of inflammation (Brock, 2002) . Lactoferrin has long been known to be responsible for hypoferraemia through binding free iron and shuttling it back to macrophages (Van Snick et al., 1974) .
The relationship between biliary lactoferrin concentration and the iron status of the body has been described in rabbits. A significant increase of lactoferrin in bile was registered in anemic rabbits after acute blood loss, an observation which may be explained by the mobilization of iron stored in liver. In contrast, rabbits to who iron was administered, even in low doses, showed inhibition of lactoferrin secretion in the bile. Thus, lactoferrin might have a control function in situations when increased amounts of iron are released from its depots (Van Vugt et al., 1975) . A similar relationship between lactoferrin from the duodenal secretion and iron metabolism was found in humans (De Vet and Van Gool, 1974) .
Lactoferrin from human milk seems to affect intestinal iron absorption in infants, but it depends on the organisms need for iron. Specific receptors (SI-LfR), present on enterocytes, mediate binding of lactoferrin. After lactoferrin is bound to the enterocyte, 90% of it is degraded and Fe 3+ ions are released. The remaining intact 10% is transported through the cell membrane. A lack of intracellular iron may evoke increased expression of specific receptors on the surface of enterocytes and thereby elevated absorption of lactoferrin-bound iron (Suzuki et al., 2005) . Breast-fed infants have demonstrated better iron accessibility than babies on formula (Fairweather-Tait et al., 1987) . Counter to this, some research fails to identify a positive effect of lactoferrin on iron absorption in the intestines. Indeed, a possible suppressive effect of lactoferrin on absorption is described because higher iron absorption has been reported in infants fed lactoferrin-free human milk (Davidsson et al., 1994) .
Even though lactoferrin does not play the most important role in iron metabolism, its capability of binding Fe 3+ ions has a significant influence on many of its other biological properties.
Antimicrobial activity
Lactoferrin is considered to be a part of the innate immune system. At the same time, lactoferrin also takes part in specific immune reactions, but in an indirect way (Legrand et al., 2005) . Due to its strategic position on the mucosal surface lactoferrin represents one of the first defense systems against microbial agents invading the organism mostly via mucosal tissues. Lactoferrin affects the growth and proliferation of a variety of infectious agents including both Gram-positive and negative bacteria, viruses, protozoa, or fungi (Kirkpatrick et al., 1971 ).
Antibacterial activity
Its ability to bind free iron, which is one of the elements essential for the growth of bacteria, is responsible for the bacteriostatic effect of lactoferrin (Arnold et al., 1980) . A lack of iron inhibits the growth of iron-dependent bacteria such as E. coli (Brock, 1980) . In contrast, lactoferrin may serve as iron donor, and in this manner support the growth of some bacteria with lower iron demands such as Lactobacillus sp. or Bifidobacterium sp., generally considered as beneficial (Petschow et al., 1999; Sherman et al., 2004) . Nevertheless, some bacteria are able to adapt to the new conditions and release siderophores (iron chelating compounds of bacterial origin) that compete with lactoferrin for Fe 3+ ions (Crosa, 1989; Ratledge and Dover, 2000) . Some other types of bacteria, including Neisseriaceae family, adapt to new conditions by expressing specific receptors capable of binding lactoferrin, and to cause changes in the tertiary structure of the lactoferrin molecule leading to iron dissociation (Schryvers et al., 1998; Ekins et al., 2004) .
Even a bactericidal effect of lactoferrin has been described. This bactericidal activity is not irondependent and may be mediated through more than one pathway. Receptors for the N-terminal region of lactoferrin have been discovered on the surface of some microorganisms. The binding of lactoferrin to these receptors induces cell-death in Gram-negative bacteria due to a disruption in the cell wall. The subsequent release of lipopolysacharide (LPS) leads to impaired permeability and a higher sensitivity to lysozyme and other antimicrobial agents (Arnold et al., 1977; Yamauchi et al., 1993; Leitch and Willcox, 1998) . LPS can be disposed of even without the direct contact of lactoferrin with the cell surface (Rossi et al., 2002) . Bactericidal activity affecting Gram-positive bacteria is mediated by electrostatic interactions between the negatively charged lipid layer and the positively charged lactoferrin surface that cause changes in the permeability of the membrane (Valenti and Antonini, 2005) .
It has been discovered that lactoferricin, a cationic peptide generated by the pepsin digestion of lactoferrin, has more potent bactericidal activity than the native protein. There are two forms known at present: lactoferricin H (derived from human lactoferrin) and lactoferricin B (of bovine origin) (Bellamy et al., 1992) .
As a result of the fusion of secondary granules with phagosomes, lactoferrin becomes an iron provider for the catalysis of free radical production and thereby increases the intracellular bactericidal activity of neutrophils (Sanchez et al., 1992) .
In vitro lactoferrin is able to prevent Pseudomonas aeruginosa biofilm formation. The lack of iron in the environment forces bacteria to move. Therefore, they cannot adhere to surfaces (Singh et al., 2002) .
Lactoferrin may contribute to defense against the invasion of facultative intracellular bacteria into cells by binding both target cell membrane glycoaminoglycans and bacterial invasins, which prevents pathogen adhesion to target cells. This ability was first reported against enteroinvasive E. coli HB 101 and later also against Yersinia enterocolica, Yersinia pseudotuberculosis, Listeria monocytogenes, Streptococcus pyogenes, and Staphylococcus aureus (Valenti and Antonini, 2005) .
The proteolytic activity of lactoferrin is considered to inhibit the growth of some bacteria such as Shigella flexneri or enteropathogenic E.coli through degrading proteins necessary for colonization. However, this can be disabled by serine protease inhibitors (Orsi, 2004; Ward et al., 2005) 
Antiviral activity
Lactoferrin is capable of binding certain DNA and RNA viruses (Yi et al., 1997) . Nevertheless, its main contribution to antiviral defense consists in its binding to cell membrane glycosaminoglycans. In this manner lactoferrin prevents viruses from entering cells and infection is stopped at an early stage (Ward et al., 2005) . Such a mechanism has been demonstrated as being effective against the Herpes simplex virus (Fujihara and Hayashi, 1995; Marchetti et al., 1996) , cytomegaloviruses (Andersen et al., 2001) , and the human immunodeficiency virus (Harmsen et al., 1995) , respectively.
Antiparasitic activity
Lactoferrin acts against parasites in various ways. For example, the infectivity of Toxoplasma gondii and Eimeria stiedai sporozoites is reduced after their incubation with lactoferricin B. It is thought that lactoferricin breaches parasitic membrane integrity causing subsequent changes in interactions between the host and the parasite (Omata et al., 2001 ). The competition for iron between the parasite and lactoferrin is the basis of its antiparasitic activity against Pneumocystis carinii (Cirioni et al., 2000) . In contrast, some parasites such as Tritrichomonas foetus are able to use lactoferrin as a donor of ferric ions (Tachezy et al., 1996) .
Lactoferrin and host defense
Due to its iron binding properties and interactions with target cells and molecules, lactoferrin can both positively and negatively influence immune system cells and cells involved in the inflammation reaction. In one way, lactoferrin may support the proliferation, differentiation, and activation of immune system cells and strengthen the immune response. On the other hand, lactoferrin acts as an anti-inflammatory factor. Thanks to its antimicrobial activity and capability of binding components of bacterial cell walls (LPS) or their receptors, lactoferrin may prevent the development of inflammation and subsequent tissue damage caused by the release of pro-inflammatory cytokines and reactive oxygen species (Legrand et al., 2005) .
The protective effect of lactoferrin is manifested in a reduced production of some pro-inflammatory cytokines such as tumor necrosis factor (TNFα) or interleukins IL-1β and IL-6 (Machnicki et al., 1993; Haversen et al., 2002 ). An increased amount of anti-inflammatory interleukin IL-10 has also been reported in several cases.
Iron is essential as a catalyst for the production of reactive oxygen species. Therefore, lactoferrin can diminish the harmful influence of reactive oxygen species produced by leukocytes at the sites of inflammation (Ward et al., 2005) .
There are conflicting views regarding the influence of lactoferrin on lymphocyte proliferation. While Esaguy et al. (1991) report a stimulatory effect, Ashorn et al. (1986) and Richie et al. (1987) suggest an inhibitory role.
Lactoferrin and tumor growth
The protective character of lactoferrin has on numerous occasions been demonstrated on chemically induced tumors in laboratory rodents. Lactoferrin has even been reported to inhibit the development of experimental metastases in mice (Bezault et al., 1994; Wang et al., 2000; Wolf et al., 2003) .
Lactoferrin is able to halt the growth of human mammary gland carcinoma cells between the G 1 and S stage. Such a negative effect on cell proliferation may be ascribed to the altered expression or activity of regulatory proteins (Damiens et al., 1999) .
The lactoferrin-dependent, cytokine-mediated stimulation of activity of NK cells and lymphocytes CD4+ and CD8+, represents an important factor in defense against tumor growth. There are an increased number of these cells both in blood and lymphatic tissue after the oral administration of lactoferrin. According to Damiens et al. (1998) , smaller concentrations of lactoferrin (10 μg/ml) stimulate the cytolysis of tumor cells, whereas cytolysis seems to be dependent on the cell phenotype in higher concentrations (100 μg/ml). Very high doses may reduce the cytotoxic activity of NK cells. The result of lactoferrin influence on tumor cells is equal to the sum of NK cell activation and sensitivity of target cells to lysis.
Lactoferrin-mediated inhibition of tumor growth might be related to apoptosis of these cells induced by the activation of the Fas signaling pathway. Nevertheless, the exact mechanism of this function has not been discovered so far (Fujita et al., 2004) .
Lactoferrin and cell proliferation and differentiation
In the past, lactoferrin was thought to support cell proliferation thanks to its ability to transport iron into cells. However, lactoferrin was later proven to act as a growth factor activator. The effect of lactoferrin alone on small intestine epithelial cells is more potent than that of the epidermal growth factor (Hagiwara et al., 1995) . Lactoferrin alone (without the presence of any other cytokines and factors) is able to stimulate the proliferation of endometrium stroma cells (Yanaihara et al., 2000) . Lactoferrin has also been identified as a transcription factor. It is able to penetrate a cell and activate the transcription of specific DNA sequences (He and Furmanski, 1995) .
Lactoferrin and bones
Lactoferrin has been identified as a potent anabolic factor affecting osteocytes. Lactoferrin stimulates osteoblast proliferation, enhances thymidine incorporation into osteocytes, and reduces apoptosis of osteoblasts by 50-70%. A similar effect was also recorded in chondrocytes (Cornish et al., 2004) .
Lactoferrin reduces or even inhibits osteoclastogenesis in a concentration-dependent fashion. On the other hand, lactoferrin shows no influence on the bone resorption performed by mature osteoclasts (Lorget et al., 2002) .
Besides direct influence, lactoferrin may affect bone cells through the inhibition of osteolytic cytokines such as TNFα or IL-1β, whose levels rise during inflammation. Thus, lactoferrin contributes to the stabilization of the osseous tissue.
Because of these aforementioned properties, lactoferrin might be potentially useful in the treatment of diseases such as osteoporosis in the future (Cornish et al., 2004) .
Enzymatic activity of ribonuclease A
A remarkable similarity in some motifs between lactoferrin and ribonuclease A has been revealed and lactoferrin is, indeed, capable of RNA hydrolysis. The ribonuclease activity varies depending on the type of RNA. mRNA is the most sensitive to lactoferrin, whereas tRNA is the least. The noniron-binding isoforms of lactoferrin seem to be responsible for RNA degradation (Furmanski et al., 1989; Devi et al., 1994 ).
Lactoferrin in different species
As mentioned, lactoferrin was discovered first in bovine and later in human milk. Most research has been carried out in the human field, followed by work on bovine milk. In other animal species, information regarding lactoferrin levels is very scarce. Different methods have been used to either detect or even measure lactoferrin. The relationships between lactoferrin concentrations and gender, age or inflammatory processes have been examined with contradictory results. Lactoferrin concentrations in adult human blood were reported to be in the range of 0.02-1.52 μg/ml depending on the method used. Human lactoferrin venous plasma, colostrum and milk concentrations were determined to be 0.12 μg/ml, 3.1-6.7 mg/ml, and 1.0-3.2 mg/ml, respectively (Levay and Viljoen, 1995) .
A quite wide range of lactoferrin concentrations has been determined in healthy bovine milk. The values vary from 1.15 μg/ml (Hagiwara et al., 2003) , to 485.63 μg/ml in milk from healthy animals. Lactoferrin was shown to be significantly associated with the stage of lactation (r = 0.557) and daily milk production (r = -0.472) (Cheng et al., 2008) . Its concentration increased many times (even to 100 mg/ml) during mammary gland involution (Welty et al., 1976) .
Lactoferrin levels in mare colostrum, in the serum of newborns, and in three day old foals were also measured. The obtained results were 21.7 μg/ml, 0.249 μg/ml, and 0.445 μg/ml, respectively (Barton et al., 2006) . The mean milk lactoferrin concentration was reported to be 0.229 ± 0.135 mg/ml in the camel (Konuspayeva et al., 2007) .
Previously, it had been thought that canine milk did not contain any lactoferrin (Masson and Heremans, 1971) . However, in 2007, Berlov et al. succeeded in detecting lactoferrin in canine milk. The concentration was lower (40 μg/ml) than in human milk. Coincidently Sinkora et al. (2007) were able to detect lactoferrin in canine, swine and bovine neutrophils using flow cytometry and commercially available rabbit anti-human polyclonal antisera.
Conclusions
Lactoferrin has been the focus of intense research of late. Due to its unique antimicrobial, immunomodulatory, and even antineoplastic properties, lactoferrin seems to have great potential in practical medicine. Nevertheless, much research and many experiments still need to be carried out in order to obtain a better understanding of its activity and interactions and to enable the full and safe utilization of this glycoprotein. 
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